Recently, the neurotoxicity of dopamine (DA) quinone formation by auto-oxidation of DA has focused on dopaminergic neuron-specific oxidative stress. In the present study, we examined DA quinone formation in methamphetamine (METH)-induced dopaminergic neuronal cell death using METH-treated dopaminergic cultured CATH.a cells and METH-injected mouse brain. In CATH.a cells, METH treatment dose-dependently increased the levels of quinoprotein (protein-bound quinone) and the expression of quinone reductase in parallel with neurotoxicity. A similar increase in quinoprotein levels was seen in the striatum of METH (4 mg/kg X4, i.p., 2 h interval)-injected BALB/c mice, coinciding with reduction of DA transporters. Furthermore, pretreatment of CATH.a cells with quinone reductase inducer, butylated hydroxyanisole, significantly and dose-dependently blocked METH-induced elevation of quinoprotein, and ameliorated METH-induced cell death. We also showed the protective effect of tyrosinase, which rapidly oxidizes DA and DA quinone to form stable melanin, against METH-induced dopaminergic neurotoxicity in vitro and in vivo using tyrosinase null mice. Our results indicate that DA quinone formation plays an important role, as a dopaminergic neuron-specific neurotoxic factor, in METH-induced neurotoxicity, which is regulated by quinone formation-related molecules.
elevation of cytosolic oxidizable DA concentrations are thought to be related to DA terminal injury induced by METH exposure (6) . Reactive oxygen species (ROS) such as superoxide and hydroxyl radicals, generated by auto-oxidation of cytosolic-free DA, appear to be involved in METH-induced dopaminergic neuronal damage (5) . Using vesicular monoamine transporter (VMAT)-2 knockout mice, Fumagalli et al. (7) showed that disruption of VMAT potentiates METH-induced neurotoxicity in vivo and point to a greater contribution of intraneuronal DA redistribution rather than extraneuronal overflow on mediating this effect. Furthermore, LaVoie and Hastings (8) demonstrated that increased intracellular DA oxidation is associated with METH neurotoxicity by measuring 5-cysteinyl-DA, a product of DA quinone bound to cysteinyl residue on protein, but not extracellular DA. In contrast, another hypothesis suggests that METH-induced DA release, consequently elevating extracellular DA concentrations, is responsible for METH-induced neurotoxicity (4, 10, 11) . In addition, Yuan et al. (14) questioned the view that endogenous DA plays an essential role in METH-induced DA neurotoxicity. Although there is a controversy regarding the mechanism through which METH produces its neurotoxic effects, there is general agreement that DA plays a role in METH neurotoxicity.
DA is stable in the synaptic vesicle under normal physiological conditions. However, excessive levels of cytosolic DA outside the vesicles in damaged DA neurons is thought to induce neurotoxicity through the generation of ROS and reactive DA quinones (15, 16) . The generated DA quinones covalently conjugate with the sulfhydryl group of cysteine on functional proteins (17, 18) , resulting predominantly in the formation of 5-cysteinyl-DA (15, 19) . The formed 5-cysteinyl-DA irreversibly alters protein function and consequently causes DA neuron-specific cytotoxicity (8, 20) . DA-induced formation of DA quinones and the consequent dopaminergic cell damage in vitro and in vivo were successfully prevented by treatment with superoxide dismutase, glutathione, and some thiol reagents through their quinone-quenching activities (8, 17, (21) (22) (23) (24) . Recently, the neurotoxicity of DA quinone formation by auto-oxidation of DA has turned the focus on dopaminergic neuron-specific oxidative stress (25, 26) .
A multifunctional enzyme, tyrosinase (EC 1.14.18.1; monophenol monooxygenase), catalyzes both the hydroxylation of tyrosine to L-DOPA and the consequent oxidation of L-DOPA to form melanin in the melanin biosynthesis pathway (27) . Furthermore, tyrosinase oxidizes not only L-DOPA but also DA to form melanin via the DA quinone (28) . Some studies have revealed that tyrosinase, tyrosinase promoter activity, and tyrosinase-like activity are also expressed in the central nervous system (29) (30) (31) (32) (33) (34) . Tyrosinase in the brain may enzymatically and rapidly oxidize excess amounts of cytosolic DA to form stable melanin, which may consequently prevent the slow progression of cell damage induced by DA auto-oxidation and long-term exposure to DA quinone.
The present study was designed to further examine the mechanism of METH-induced dopaminergic neurotoxicity using METH-treated dopaminergic cells and METH-injected mouse brain. The results confirmed the involvement of quinoprotein formation, which represents generation of DA quinones, in METH-induced dopaminergic neurotoxicity. The results also demonstrated the protective effect of tyrosinase, which rapidly oxidizes DA and DA quinone to form stable melanin, against METH-induced dopaminergic neurotoxicity.
MATERIALS AND METHODS

Cell culture
Dopaminergic CATH.a cells (ATCC; #CRL-11179), derived from mouse DA-containing neurons, were cultured at 37°C in 5% CO 2 in RPMI 1640 culture medium (Invitrogen, San Diego, CA) supplemented with 4% fetal bovine serum, 8% horse serum, 100 U/ml penicillin and 100 µg/ml streptomycin. Cells were seeded in 96-well culture plates (Becton Dickinson Labware, Franklin Lakes, NJ) for the measurement of cell toxicity, in 6-well plates for the extraction of total cell lysates used for the measurement of protein-bound quinone and Western blot analysis at a density of 1.0 × 10 5 cells/cm 2 . After 24 h, cells were treated with METH and/or other drugs.
Animal experiments
Male BALB/c mice (9 weeks old; Charles River Japan Inc., Yokohama, Japan), albino tyrosinase null C57BL/6J-Tyr c-2J
/Tyr c-2J mice, which have spontaneous mutation in tyrosinase gene (9 wk old; Jackson Laboratories, Bar Harbor, ME), and their wild-type C57BL/6J mice were used in the present study. All animal procedures were conducted in strict accordance with "The Guidelines for Animal Experiments" at Okayama University Medical School. Mice were repeatedly injected with METH (4 mg/kg×4, i.p. with 2-h intervals) or saline, and used for assay of protein-bound quinone formation or immunohistochemistry.
LDH assay for measurement of cell toxicity
CATH.a cells were exposed to 1-4 mM METH diluted in H 2 O for 24 h with/without pretreatment with 25-100 µM butylated hydroxyanisol (BHA) for 6 h or simultaneous treatment with 50-250 µM phenylthiourea (PTU), a tyrosinase inhibitor. Cell toxicity was determined by measuring lactate dehydrogenase (LDH) release (whole isozyme) from treated cells. LDH assays (Wako Pure Chemical Industries, Osaka, Japan) were performed as reported previously (35) and in accordance with the instructions supplied by the manufacturer. In brief, the culture medium from cells treated with drugs was added to the enzymatic reaction buffer containing lithium lactate, NAD, diaphorase, and nitro blue tetrazolium dye and incubated for 20 min at room temperature. Absorption values at 560 nm were measured to determine levels of released LDH. The culture medium from cells treated with Tween-20 for 30 min was used as a positive control.
Measurement of protein-bound quinone (quinoprotein)
CATH.a cells were exposed to 1-4 mM METH diluted in H 2 O for 24 h with/without pretreatment with 25-100 µM BHA for 6 h, 1 µM reserpine or 100 µ M α-methyl-p-tyrosine (α-MT) for 24 h before extraction of total cell lysates. For BALB/c mice injected with METH, total cell lysates were extracted from the striatum of mice 1, 3, and 14 days after the last METH injection. Total cell lysates were prepared with 10 µg/ml phenylmethylsulfonyl fluoride (Sigma Chemical Co., St. Louis, MO) in ice-cold-RIPA buffer [phosphate buffer saline; PBS (pH 7.4), 1% NP-40, 0.5% sodium deoxycholate and 0.1% sodium dodecyl sulfate]. For detection of protein-bound quinones (quinoprotein), the NBT/glycinate assay was performed as described previously (36) . The lysates were used for the NBT/glycinate colorimetric assay. The protein sample was added to 500 ml of NBT reagent (0.24 mM NBT in 2 M potassium glycinate, pH 10.0) followed by incubation in the dark for 2 h on a shaker. The absorbance of blue-purple color developed in the reaction mixture was measured at 530 nm.
Western blot analysis
CATH.a cells were pretreated with 50 µM BHA for 6 h and subsequently cotreated with 2 mM METH for 24 h. Total cell lysate was extracted from treated cells with RIPA buffer containing 10 µg/ml phenylmethylsulfonyl fluoride. Western blot analysis was performed as described previously (37) . In brief, protein samples (10 µg) were loaded on 12.5% sodium dodecyl sulfate (SDS) polyacrylamide gels and blotted onto nitrocellulose membranes (Hybond ECL, Amersham, Buckinghamshire, UK). Blots were incubated with goat anti-NQO-1 (1: 200 dilution, Santa Cruz Biotechnology, Santa Cruz, CA), and then reacted with donkey anti-goat (1:5000 dilution, Chemicon, Temecula, CA) secondary antibody conjugated to horseradish peroxidase. After washing with 20 mM Tris-buffered saline containing 0.1% Tween-20, blots were developed using the ECL Western blotting detection system (Amersham). For quantitative analysis, the ratio for NQO-1 protein (relative density of the signal) and the constitutively expressed β-actin protein were calculated to normalize for loading and transfer artifacts introduced in Western blotting.
Tissue preparation for immunohistochemistry
Mice were transcardially perfused with saline followed by a fixative containing 4% paraformaldehyde, 0.35% glutaraldehyde in 0. /Tyr c-2J or C57BL/6J mice with METH or saline. After the perfusion, the brains were rapidly removed en bloc from the skull, postfixed for 24 h in a fixative containing 4% paraformaldehyde in 0.1M PB (pH 7.4) and then cryoprotected in 15% sucrose in PB for ~48 h. Brain snap-frozen with powdered dry ice was cut coronally on a cryostat at levels containing the striatum at 20-µm thickness. Sections were collected in 10 mM PBS with 0.1% sodium azide until staining. All the above procedures were carried out at 4°C.
Immunohistochemistry
DA transporter (DAT)-immunopositive cells in the striatum were stained by standard immunohistochemistry. The sections were soaked overnight in 10 mM PBS containing 0.2% Triton X-100 (PBST) before incubation in 0.5% H 2 O 2 in PBST for 30 min at room temperature. After washing with PBST (5×5 min), the sections were incubated in 1% normal rabbit serum in PBST for 30 min, and exposed to anti-DAT goat polyclonal antibody (diluted 1:200 in PBST; Santa Cruz Biotechnology) for 18 h at 4°C. After incubation with the primary antibody, sections were washed for 5 × 5 min in PBST before incubation with biotinylated rabbit anti-goat IgG secondary antibody (diluted 1:1,000 in PBST: Vector Laboratories, Burlingame, CA) for 2 h at room temperature. After washes in PBST (3×10 min), the sections were incubated with the avidin-biotin peroxidase complex (diluted 1:2,000, Vector Laboratories) for 1 h at room temperature. DAT-immunopositive cells were visualized by 3,3′-diaminobenzidine (DAB), nickel, and H 2 O 2 .
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Estimation of plasma and brain METH concentrations
Male C57BL/6J mice (9-wk-old) and Tyr c-2J /Tyr c-2J mice (9-wk-old) were injected with METH (4 mg/kg, i.p.) or saline, and 2 h after METH injection, the concentrations of METH in plasma and brain samples were determined by high-performance liquid chromatography (HPLC), as described previously (38) . Brain samples were homogenized with four equivalent volumes of water per wet weight, immediately before extraction. Then, 50 µl of plasma samples and homogenized tissue samples were vortexed with 350 µl of acetonitrile containing 0.5 µg/ml β-phenylethylamine (PEA) as an internal standard and 10 µl of 10% sodium hydroxide. After deproteinization by centrifugation at 12,000 g for 5 min, the upper acetonitrile-rich layer was collected and evaporated to dryness under a stream of nitrogen gas at 45°C. The dried residues were reconstituted with 100 µl of 10 mM sodium carbonate-sodium bicarbonate buffer (pH 9.0) and 100 µl of 2 mM dansyl-chloride. Finally, samples were prepared for HPLC by heating them to 45°C for 1 h in the dark to derive dansyl-METH and dansyl-PEA from METH and PEA, respectively. The HPLC system consisted of a SIL-10ADvp autoinjector, a LC-10ADvp pump, a CTO-10ADvp column oven and RF-10A XL fluorescence detector, manufactured by Shimazu (Kyoto, Japan). Chromatograms were processed by a C-R8A Chromatopac chromatogram analyzer and recorder (Shimazu). Chromatographic separations were performed on a Cosmosil 5C18 column (4.6×150 mm; Nacalai Tesque, Kyoto, Japan) at 40°C. A prefiltered and degassed mobile phase consisting of 1 mM imidazole (adjusted to pH 7.0 with HNO 3 )-acetonitrile (33:66, v/v) was delivered to the column at a flow rate of 0.8 ml/min, and the eluate was monitored by fluorescence detector (Em: 580 nm, Ex: 475 nm).
Protein measurement
Protein concentration was determined by the Bio-Rad DC protein assay kit (Bio-Rad, Richmond, CA), based on the Lowry assay, using bovine serum albumin as a standard.
Statistical analysis
Results are presented as mean ± SEM. Statistical significance was determined by one-way or two-way ANOVA followed by post hoc Fisher's PLSD test. A P value less than 0.05 denoted the presence of a statistically significant difference.
RESULTS
METH-induced neurotoxicity and quinoprotein formation in CATH.a cells
METH exposure (1−4 mM) for 24 h dose-dependently induced cell death in CATH.a cells with increases in LDH release (IC 50 : ~2 mM), as shown in Fig. 1A . Therefore, METH was used in the following experiments at a concentration of 2 mM for CATH.a cells. Levels of quinoprotein formation also increased in a dose-dependent manner with METH treatment for 24 h (Fig. 1B) , coinciding with cell toxicity (Fig. 1A) .
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Effects of quinone reductase inducer on METH-induced neurotoxicity and quinone formation in CATH.a cells
To confirm the possible involvement of quinone species formed by DA auto-oxidation in METH-induced cell death, we examined whether induction of intracellular quinone reductase [DAD(P)H: quinone oxidereductase-1 (NQO-1)], known to protect against the toxic effects of quinone by catalyzing two-electron reduction of quinone to the redox-stable hydroquinone (39, 40) , might attenuate METH toxicity. Up-regulation of NQO-1 was achieved by treating CATH.a cells with quinone reductase inducer, BHA, and confirmed by Western blot analysis (167% of control) (Fig. 3) . Pretreatment with BHA (25-100 µM) for 6 h on CATH.a cells significantly and dose-dependently reduced METH (2 mM)-induced neurotoxicity (Fig. 2A) . BHA pretreatment also dramatically blocked METH-induced elevation of quinoprotein levels in a dose-dependent manner (Fig. 2B ), in parallel with the cell toxicity results (Fig. 2A) .
Effects of BHA and METH on NQO-1 expression in CATH.a cells
As shown in Fig. 3 , METH treatment for 24 h induced NQO-1 expression in CATH.a cells, and pretreatment with 50 µM BHA before METH exposure, which alone promotes NQO-1 expression, significantly suppressed METH-induced NQO-1 expression.
Effects of DA depletion on METH-induced quinone formation in CATH.a cells
To examine the effects of DA depletion on METH-induced quinoprotein formation, CATH.a cells were pretreated with 1 µM reserpine or 100 µM α-MT for 24 h and then cotreated with 2 mM METH. We confirmed DA depletion caused by treatment with reserpine or α-MT by HPLC analysis; the DA content in CATH.a cells was reduced to almost 30% of control cells (data not shown). As shown in Fig. 4 , pretreatment with reserpine and α-MT significantly reduced the METH-induced elevation of quinoprotein.
Effect of tyrosinase inhibitor on METH-induced neurotoxicity in CATH.a cells
Because tyrosinase in the brain enzymatically and rapidly oxidizes excessive amounts of cytosolic DA to form melanin, we examined the effect of tyrosinase inhibitor PTU on METH-induced neurotoxicity by LDH assay. PTU (50-250 µM) significantly enhanced METH neurotoxicity in CATH.a cells in a dose-dependent manner (Fig. 5) .
METH-induced neurotoxicity and quinoprotein formation in BALB/c mice
Repeated METH injections have been reported to cause dopaminergic terminal loss shown as reduction of DAT-positive signals in the striatum of animals (5, 41) . In this study, we confirmed the reduction of DAT-positive signals in the striatum of BALB/c mice 1, 3, and 14 days after repeated METH injections (4 mg/kg×4, i.p. with 2-h intervals). Marked reduction of DAT signals was observed in the striatum 3 days after METH injections, in agreement with many reports (5, 41), starting at 1 day through to 14 days (Fig. 6A, B) . Quinoprotein levels in the striatum were significantly increased 3 and 14 days after the repeated METH injections (Fig. 6C) , coinciding with reduction of DAT signals (Fig. 6A, B) .
Involvement of tyrosinase in METH injections-induced neurotoxicity and quinoprotein formation in the striatum of mice
Because quinone formation in METH-induced neurotoxicity was also demonstrated using METH-injected mice in the present report, we further examined the possible regulatory effect of tyrosinase in protecting DA neurons from METH injections-induced neurotoxicity using albino tyrosinase null C57BL/6J-Tyr c-2J /Tyr c-2J and wild-type C57BL/6J mice. Repeated METH injections (4 mg/kg×4, i.p. with 2 h intervals) showed moderate reduction of the DAT signal in the striatum of wild-type C57BL/6J mice 3 days after the injections (30% reduction of control) (Fig. 7A, B) , which was less than the reduction in BALB/c mice (70% reduction of control) (Fig.  6A, B) . In contrast, severe reduction of DAT signals was observed in the striatum of tyrosinase null Tyr c-2J /Tyr c-2J mice 3 days after the METH injection (almost 90% reduction of control) (Fig.  7A, B) . Basal quinoprotein levels in the striatum of Tyr c-2J /Tyr c-2J mice were higher than those of C57BL/6J mice. METH injections significantly increased quinoprotein levels in the striatum of both wild-type and tyrosinase null mice. On day 3 after the METH injections, levels of striatal quinoprotein in Tyr c-2J
/Tyr c-2J mice were much higher than those in C57BL/6J mice (Fig. 7C ).
Plasma and brain METH concentrations in C57BL/6J and Tyr c-2J /Tyr c-2J mice
METH concentrations in the plasma and brain after injection of METH in control C57BL/6J and Tyr c-2J
/Tyr c-2J mice are shown in Fig. 8A and B. There were no differences in plasma and brain METH concentrations in C57BL/6J and Tyr c-2J /Tyr c-2J mice 2 h after a single METH (4 mg/kg, i.p.) injection. The brain distribution of METH is shown in Fig. 8C , given as brain/plasma ratio (Kp) values. There were no differences in the brain distributions between wild-type and tyrosinase null mice.
DISCUSSION
Auto-oxidation of cytosolic-free DA and consequent generation of ROS have been reported to be involved in METH-induced neurotoxicity in dopaminergic neurons (5) (6) (7) 42) . Recently, the neurotoxicity of DA quinone formation by auto-oxidation of DA has focused on dopaminergic neuron-specific oxidative stress (25, 26) . DA quinones exert cytotoxicity by interacting with the sulfhydryl group of the amino acid cysteine on various bioactive molecules, resulting predominantly in the formation of 5-cysteinyl-DA (15, 19) . Because the sulfhydryl group on cysteine is often found at the active site of functional proteins, covalent modification of cysteine residues by quinones to form 5-cysteinyl-catechols irreversibly alters or inhibits protein function. Indeed, DA quinone covalently binds to key molecules of DA neurons, tyrosine hydroxylase, and DA transporter, to consequently inactivate those molecules (17, 18) .
In the present study, we demonstrated the involvement of DA quinone formation in METH-induced dopaminergic neurotoxicity in vitro and in vivo. METH treatment increased intracellular quinoprotein formation in dopaminergic cells, coinciding with neurotoxicity. We also determined whether the induction of intracellular quinone reductase, NQO-1, could protect against METH toxicity. Up-regulation of NQO-1 was achieved by treating cells with quinone reductase inducer, BHA, as reported previously (43, 44) . The induction of NQO-1 by BHA treatment dramatically and dose-dependently blocked METH-induced cytotoxicity and quinoprotein formation. METH treatment induced intracellular NQO-1 expression, and this induction of NQO-1 was significantly suppressed by BHA pretreatment before METH exposure. The induction of NQO-1 with METH treatment may be a complementary reaction against quinone generation by METH treatment. Preinduced intracellular NQO-1 by BHA pretreatment for 6 h could eliminate generated quinones with METH exposure, and consequently the complementary induction level of NQO-1 24 h after METH treatment might be less than that in the group treated with METH alone. Thus, our present findings confirm that DA quinone formation is involved in METH-induced dopaminergic neurotoxicity. Furthermore, to confirm that quinone formation originated from intracellular auto-oxidized DA, we determined the effects of intracellular DA depletion on METH-induced quinoprotein formation. Intracellular DA depletion with reserpine or α-MT treatment significantly prevented the elevation of quinoprotein formation induced by METH exposure. These findings suggested that the reduction of endogenous DA could attenuate quinone toxicity. In fact, there are several reports showing that α-MT prevents the toxic effects of METH (4, 45, 46) . Our present study has provided evidence suggesting that endogenous free DA plays an important role in mediating METH-induced neuronal damage. In addition, it is also suggested that DA quinone formation by auto-oxidation of endogenous DA may be important not only in METH toxicity but in other dopaminergic neurodegeneration, as well. Recently, we showed that repeated levodopa administration elevated striatal quinoprotein levels specifically on the parkinsonian side, not on the control side, of hemi-parkinsonian mice (47). The marked elevation of cytotoxic quinone generation specifically in the parkinsonian striatum after repeated levodopa administration suggested that excess amount of cytosolic DA in damaged dopaminergic nerve terminals after levodopa treatment is easily oxidized to DA quinones. In contrast, there is an argument showing that the cytotoxicity of DA may be an artifact of cell culture (48). However, Choi et al. (49) recently showed that increases in intrinsic DA levels but not extrinsic DA produce elevation of quinone formation, which may lead to selective dopaminergic neuronal damage. Our present data, together with previous reports, indicate that DA quinone formation plays an important role in the neurodegeneration as a dopaminergic neuron-specific neurotoxic factor.
In the present study, BHA pretreatment at high doses almost completely blocked METH-induced quinone formation, but partially inhibited METH-induced cytotoxicity. These suggest that METH-induced neurotoxicity is caused by not only quinone formation generated from endogenous free DA but also other factors such as ROS, nitric oxide, and excitatory amino acids.
The melanin-synthetic enzyme tyrosinase in the brain may rapidly oxidize excess amounts of cytosolic DA, thereby preventing slowly progressive cell damage by auto-oxidation of DA (26) . In our previous report, we demonstrated that tyrosinase inhibition and transfection of antisense tyrosinase cDNA markedly reduced cell viability, increased intracellular DA, and enhanced DA-induced cell death in CATH.a cells (50), suggesting that the dysfunction of tyrosinase produces cell death by increasing intracellular DA levels and the consequent gradual auto-oxidation of DA to generate toxic ROS and reactive quinones, including DA quinone. In the present study, we showed the protective effects of tyrosinase, which enzymatically oxidizes DA and DA quinone to form melanin, against METH-induced dopaminergic neurotoxicity in vitro and in vivo. In particular, the reduction of DAT in the striatum induced by the METH injection was markedly aggravated in the tyrosinase null mice, compared with that in the METH-injected wild-type C57BL/6J mice. Interestingly, the basal quinoprotein level in the striatum of tyrosinase null mice was higher than that of wild-type C57BL/6J mice, suggesting vulnerability in tyrosinase null mice. These major differences between tyrosinase null and wild-type mice were not due to brain distribution of the injected METH. These results suggest that tyrosinase plays a protective role against METH-induced dopaminergic neurotoxicity in neuronal cells by regulating quinone formation.
In conclusion, we confirmed that DA quinone formation is involved in the METH-induced dopaminergic neurotoxicity in vitro and in vivo as a dopaminergic neuron-specific neurotoxic factor. In addition, we demonstrated that quinone formation-related molecules such as quinone reductase and tyrosinase protect against METH neurotoxicity to reduce intracellular free DA and DA quinone (Fig. 9) . Enhancing activities of quinone formation-related molecules such as quinone reductase would be a novel approach to prevent METH-induced neurotoxicity. 
